Sputter deposited (Ni80Fe20/Au/Co/Au)10 multilayers, characterized by alternating in-plane and perpendicular anisotropies of the NiFe and Co layers, respectively, and out-of-plane stripe (labyrinth) domain structure in the Co layers, were bombarded by He + -ions (10 keV) through a mask consisting of polystyrene nanospheres with a diameter of 470 nm. The changes of multilayers magnetic properties after ion bombardment are correlated with the used mask structure.
Introduction
Magnetic patterning, i.e., local changes of magnetic properties without topographical changes is of particular interest due to possible applications in a new generation of magnetic storage media. This effect, originating from the local atomic structure modification, can be induced by ion bombardment [1] [2] [3] . Because of special requirements for magnetic hard disc technology the attention is focused on magnetic layered films with perpendicular anisotropy (e.g., Co/Pt, Co/Au) [4, 5] . As a result of intermixing at the interfaces the perpendicular anisotropy decreases with increasing ion dose and for large fluence transforms to easy-plane anisotropy [4, 6] . Magnetic patterning in nanoscale can be realized by focused ion beam [7] , or by bombardment through stencil [8] or lithographic masks [4] . In this contribution we demonstrate that large area magnetic patterning in the nanoscale can be realized by 10 keV He ion bombardment of NiFe/Au/Co/Au multilayers through a single layer of polystyrene (latex) nanospheres arranged in a regular lattice. Nanosphere lithography is a well known method applied for fabrication of ordered arrays of nanodots. Such structures were prepared by material deposition or removing (by ion etching) [9] through the mask consisting of nanospheres. According to our best knowledge up to now the nanosphere lithography was not used to realize magnetic patterning via ion bombardment.
Experimental
The (Ni 80 Fe 20 -2 nm/Au-2 nm/Co-0.6 nm/Au-2 nm) 10 multilayer (ML) was deposited on a naturally oxidized Si(100) wafer [10] and cut into two samples. One of the samples was the reference sample and was not treated with ions. Hexagonally arranged, close-packed arrays of polystyrene nanospheres (diameter 470 nm) were deposited on the multilayer surfaces via a self-assembly process realized by dip coating. Subsequently, a thin 3 nm Au film was deposited above the nanospheres in order to provide the charge transfer during scanning electron microscopy (SEM) imaging and ion bombardment. The perfect nanospheres lattice is confirmed by SEM images (Fig. 1) .
The ion bombardment through the mask consisting of nanospheres was performed using 10 keV He + -ions and with a dose D = 10
15 He + /cm 2 . Before the magnetic characterization the nanospheres were washed out in tetrahydrofuran (THF) using ultrasonic cleaner. The magnetic force microscopy (MFM) measurements were performed in ambient conditions with an Ntegra Prima scanning probe microscopes (NT-MDT) using the "tapping mode" for topography imaging and the "lift mode" (height 70 nm) for magnetic imaging. The MFM setup allows investigations of the magnetic structure in a permanent external magnetic field (out-of-plane in our investigations). The magnetization process, as a function of the magnetic field H applied perpendicularly to the sample plane was investigated using the equipment for polar magnetooptical Kerr effect (MOKE) measurements described in Ref. [11] . The shapes of the presented loops are typical of MLs consisting of ferromagnetic layers with alternating anisotropies: easy axis anisotropy perpendicular to the MLs plane (Co), and easy plane anisotropy (NiFe) [10] . Because of the weak interaction between the layers (outside the H range corresponding to the domain structure, [10, 12] ), it is possible to separate the magnetization reversal processes of the layers with perpendicular anisotropy and in-plane anisotropy. Figure 2b displays the hysteresis loops corresponding to the magnetization reversal of the Co layers. The loops are typical of the stripe domain pattern of the ML with perpendicular anisotropy. The influence of the ion bombardment on the hysteresis loop shape is evidenced by the decrease in coercivity field and the remanence magnetization. This tendency is in agreement with our earlier investigations [6] , however, changes are significantly smaller here. It may result from two facts. First of them concerns different sample structure. In the work of Kuświk et al. [6] the influence of the He + -ion bombardment (10 keV) on the sandwich-type (Ni 80 Fe 20 /Au/Co/Au) 1 film was investigated and not on an ML. The second, more important fact is that in measurements of the MLs for which the ion bombardment was performed through the nanosphere mask, the lateral ion dose distribution is not constant within the laser spot of the MOKE setup, thus averaging lateral areas penetrated by different ion doses (Fig. 3) . Hence, the measured hysteresis loop delivers the information about different kinds of areas, the ones where the properties were modified and the other where the properties remained unchanged. In order to estimate the size of the areas which were not patterned by the ions, the probability distribution of the 10 keV He + ion penetration, for certain distances from the polystyrene surface, was determined with the stopping and range of ions in matter (SRIM) program [13] . From the performed simulation (Fig. 3a) it may be concluded that when the polystyrene thickness is larger than 300 nm, all of the ions remain in the material of the mask. Therefore, the circular areas that are 360 nm in diameter with centers arranged in a two-dimensional hexagonal lattice, are entirely protected from being bombarded (Fig. 3b) . On the remaining area the ion dose changes in the range of W. Glapka et al.
Results and discussion
that is for |H| ≥ H N , H S , where H N and H S denote the fields in which the domains are nucleated and annihilated, respectively
< D ≤ 10
15 He + /cm 2 . Because a possible ion path variation within the polystyrene nanospheres (an effect similar to the one presented in [4] ) it is impossible to define the ion dose distribution in the areas reached by the ions. On the basis of our earlier research [6] the anisotropy is expected to be reduced in the bombarded areas. In consequence, it may be anticipated that the domain distribution reflects the surface anisotropy distribution. Figure 4 displays the domain structure images and related Fourier transforms for the reference multilayer (a) (not exposed to the ion bombardment), and for the bombarded one (b)-(d) with an ion dose of 10
15
He + /cm 2 . For the latter sample, the MFM images taken in remanence and in an external magnetic out of plane field of 400 Oe are presented. The domain distributions in remanence for both MLs do not exhibit the two--dimensional hexagonal array. It is, however, clearly visible for the sample that was bombarded through a polystyrene nanospheres mask, when the measurement was performed in the magnetic field ranging from 350 to 450 Oe. The hexagonal symmetry of the domain distribution is also confirmed by the clear sixfold symmetry visible in the Fourier transform image. The fact that the domain distribution reflects the local variations of the magnetic properties only in the presence of magnetic field can be explained from trivial energetic consideration. Without magnetic field the domain period of the sample, modified by ion bombardment, is about 340 nm. The periodicity of the nanosphere lattice is about 420 nm (may be the nanospheres are partially compressed). From hysteresis loop measurements we see that changes in magnetic properties of irradiated/non-irradiated material are not dramatic, so it can be considered as some kind of perturbation. But there is a possibility of a domain period/size adjustment using an external magnetic field, so that in our case at the field of 400 Oe we obtain a period of domain structure equals to the period of the mask.
Conclusion
Bombarding the (Ni 80 Fe 20 -2 nm/Au-2 nm/Co-0.6 nm/ Au-2 nm) 10 multilayers with He + (10 keV, D =10
15
He + /cm 2 ) ions through a two-dimensional hexagonally arranged nanosphere lattice results in a local anisotropy reduction. This effect is visible in a specific, regular domain structure with hexagonal symmetry. We have shown that the nanosphere lithography may be applied to the magnetic patterning of the multilayered systems realized by He ion bombardment.
